Doping of silicon quantum dots (Si QDs) is important for realizing the potential applications of Si QDs in the fields of Si QDsbased all-Si tandem solar cells, thin-film transistors, and optoelectronic devices. Based on the first-principle calculations, structural and electronic properties of hydrogen terminated Si QDs doped with single Boron (B) or phosphorus (P) are investigated. It is found out that the structural distortion induced by impurity doping is related to the impurity characteristic, impurity position, and the QD size according to the structural analysis. The relative energetic stability of Si QDs with a single impurity in different locations has been discussed, too Furthermore, our calculations of the band structure and electronic densities of state (DOS) associated with the considered Si QDs show that impurity doping will introduce impurity states within the energy gap, and spin split occurs for some configurations. A detailed analysis of the influences of impurity position and QD size on the impurity levels has been made, too.
Introduction
As we all know, the ultimate reduction in the dimensionality of a semiconductor device will result in a quantum dot. Much attention has been drawn to Si QDs, with promising applications in fields such as optoelectronics [1] , photovoltaics [2] , and data storage [3] . In order to realize these potential applications of Si QDs, it is essential to develop techniques to control the electronic and optical properties of Si QDs. One such technique currently being investigated is impurity doping [4, 5] . Doping of Si QDs is expected to introduce additional levels close to the HOMO (highest occupied molecular orbital) or LUMO (lowest unoccupied molecular orbital) in the same fashion as it does for bulk Si; for instance, a nanoscaled P-N junction formed by doping Si QDs embedded in a dielectric is proposed as a way to dissociate photogenerated electron-hole pairs [6] .
Lots of experimental works have been made to study the electronic and optical properties of doped Si QDs. However, several factors contribute to making these studies difficult tasks. For instance, QDs synthesized by using different techniques often show different properties in size, shape, and in the interface structure. Moreover, it is tremendously challenging to control over impurity concentration and precise positioning by experiments. This leads to the imperative need for theoretical calculations to predict the properties of doped Si QDs. Compared with calculations for pure, undoped systems, calculations for doped Si QDs are much more complicated and time consuming owing to the variety of atoms and low symmetry. To date, only few first-principle studies devoted to doped Si QDs are presented in the literature. Melnikov and Chelikowsky [7] investigated the electronic properties of hydrogenated Si QDs doped with a single phosphorus atom using a real-space ab initio pseudopotential method, and the ionization energy and binding energy of the defect were calculated. Cantele et al. [8] reported on a detailed first-principle calculation of the impurity states in B-and P-doped Si QDs; the formation energies for neutral impurities were discussed. Although the size effect on the impurity levels were often studied in the previous work, the influences of different impurity positions on the band structures and DOSs of doped Si QDs were not very often examined.
In this paper, we carry out first-principle calculations of impurity states in spherical Si QDs doped with single B or P atom. Both the structural and electronic properties (band structure and DOS) are investigated as functions of the QD size and of the impurity position within the Si QD. Since it has been demonstrated that the properties of doped Si QDs critically depend on the location of the impurity atom 2 Journal of Nanomaterials [9, 10] , the relative energetic stability of Si QDs with a single impurity in all the possible locations has been discussed. Owing to the highly demanding computational costs, we limit our calculations to Si QDs with two different sizes; one is Si 35 H 36 -based QD (approximately 1.1 nm in diameter), and the other is Si 87 H 76 -based QD (approximately 1.6 nm in diameter). The B or P impurity is considered in substitution site, which is the most stable site for these two impurities [11] .
Modeling and Calculation
Our first-principle calculations are performed by the CASTEP software package [12] which employs the planewave pseudopotentials method based on the density functional theory (DFT). The generalized gradient approximation (GGA) with ultrasoft pseudopotentials in reciprocal space is adopted, and exchange-correlation potential is parametrized by the Perdew-Burke-Ernzerhof scheme (PBE) [13] . Since for a single B-or P-doping, the doped QDs have an odd number of electrons, spin polarization is included in our calculations. The cutoff energy for the wave functions is 190 eV. It has been shown that the results are well converged at this cutoff energy. The SCF tolerance is 2.0e−6 eV/atom, and the k-points for the Brillouin-zone sampling are set as Gamma point only in all cases.
As mentioned above, we consider Si QDs with two different sizes here; one is Si 35 H 36 -based QD (approximately 1.1 nm in diameter), and the other is Si 87 H 76 -based QD (approximately 1.6 nm in diameter). Initial undoped dots have been obtained by taking all the bulk Si atoms contained within a sphere of a given radius and passivating the surface dangling bonds with hydrogen. For doped dots, we use the optimized undoped geometry as a base and substitute a Si atom with an impurity atom. A simple-cubic supercell of vacuum is built for each considered dot which is placed at the center in order to prevent interactions between the periodic replicas. In this work we choose 30Å and 35Å as the supercell side lengths for Si 35 H 36 -based QDs and Si 87 H 76 -based QDs, respectively.
Since the details of the QD surface are different for QDs synthesized by using different techniques, here the impurity atom is not allowed to replace an Si atom on the surface of the QD that is passivated by one or two H atoms. For the remaining sites, there are two different sites within the QD for a single substitution impurity in the case of Si 35 H 36 , whereas in the case of Si 87 H 76 there are five. These different sites within the dots are shown in Figure 1 . All these geometries are examined for impurity doping to investigate the effects of the impurity position. Here we assign Si 34 XH 36 -1, Si 34 XH 36 -2, and Si 86 XH 76 -1, Si 86 XH 76 -2, Si 86 XH 76 -3, Si 86 XH 76 -4, Si 86 XH 76 -5 (X represents B or P) corresponding to the doped Si QD whose impurity atom situates in the site marked by 1, 2 in Figure 1 For each model, the first step is to relax the structure with all the freedom. Once the optimization is achieved, the related properties are calculated. However, even accurate ab initio calculations performed within GGA will suffer from the well-known underestimation of the energy gap. Here we leave the underestimation of energy gap uncorrected and do not discuss the absolute value of the energy gap but focus on how the band structure and DOS are affected by a single impurity doping. Thus it can provide some guidance to properly utilizing impurity doping to control the electronic and optical properties of Si QDs. 
Results and Discussion
3.1. Structural Properties. The structural changes induced by the presence of a single impurity with respect to the corresponding undoped ones have been investigated. It is observed that with the insertion of one impurity, some variations in the bond lengths occur around the impurity site, whereas the Si-Si bond lengths remain almost unchanged. Figure 2 shows the optimized bond lengths around the impurity site for the doped and undoped Si QDs. Our results for the bond lengths are in very good agreement with the results reported by Iori et al. [14] . From Figure 2 it can be seen that, compared with undoped cases in which the four Si-Si bond lengths are practically the same, there is a general trend to a significant decrease of the bond lengths for B-doped Si QDs. However, for P-doped cases there exists expansion of the bond lengths with respect to the undoped cases, and the changes are less than B-doped cases. Moreover, for Pdoped cases the structural distortion is strongly dependent on the QD size; the larger the size, the less the distortion, while for B-doped cases the distortion is nearly independent of the size. In addition, as is shown in Figure 2 , the relaxation around the impurity is also related to the impurity position. By comparing the Si 35 H 36 -based cases and Si 87 H 76 -based cases, we find out that with the decrease of the QD size the impact of impurity position on the structure relaxation becomes more significant. From the discussion above, we know that the configurations for single doped Si QDs are different from each other due to different impurity positions. So it is needed to explore which configuration is the most stable one. The relative energetic stability of these Si QDs can be evaluated through the calculation of the formation energy (FE). Starting from the Si n H m nanocluster, the FE for the neutral X impurity can be depicted in (1) [8] :
where E is the total energy of the system, µ Si is the total energy per atom of bulk Si, and µ X is the total energy per atom of the impurity. From (1), we find out that the relative value of the FE for doped Si QDs with all kinds of B (or P) configurations does not depend on µ Si and µ B (or µ P ). It is proportional to the difference between E(Si n−1 XH m ) and E(Si n H m ). Thus, the relative stability may be determined by simply comparing the differences of total energies between doped QDs and corresponding undoped ones. The calculated differences of total energies as functions of the impurity position are shown in Figure 3 . We observe that the energies required for impurity X (X = B, P) doping into Si QDs increase in the order Si 34 XH 36 the surface. Moreover, it can be observed that the energy required for impurity X (X = B, P) doping is smaller for Si 87 H 76 than for Si 35 H 36 , demonstrating that with a decrease of the QD size the insertion of a substitution impurity becomes more difficult. In addition, we find out that this influence of size is much more evident for B-doping than for P-doping (see Figure 3 ), meaning that it would be even harder to conduct B-doping for Si QD with smaller size.
Electronic
Properties. The calculated energy levels for doped and undoped Si QDs are depicted in Figure 4 . As can be seen, the B-doping gives rise to impurity states located above the valence band, whereas the P-doping gives rise to impurity states located below the conduction band. These impurity-related levels falling within the gap are strongly focused either on B or P impurity atom, as one can see from Figure 5 where the localization of these impurity states is shown.
One can see from Figure 4 that owing to the impurity doping, spin split occurs for some doped QD configurations. It is obvious that the energy differences between spin-up and spin-down levels in smaller doped Si QDs are more pronounced than the ones in the bigger doped QDs case. Besides, for QDs with the same size but different impurity positions, the situations of spin split are different from each other, particularly for Si 87 H 76 -based QDs in which split disappears in several configurations. So spin split induced by doping depends on not only the QD size but also the impurity position. In addition, it is observed that the impurity position also has an impact on the position of impurity levels. For Si 35 H 36 -based QDs, as the impurity moves from the QD subsurface toward the center, the impurity states become deeper (shallower) for B-doping (Pdoping). However, in the case of Si 87 H 76 -based QDs, as the impurity moves from the QD subsurface toward the center, the impurity states become shallower (deeper) for B-doping (P-doping). This indicates that the impurity position has opposite effects on the impurity levels for B-doping and for P-doping, and the ultimate effects also closely depend on the QD size. Furthermore, we find out that although B (or P) introduces shallow acceptor (or donor) states in bulk silicon, either B-or P-doping introduces deep energy levels in the energy gap of Si QD. By comparing the impurity levels of the QDs with two different sizes, it can be easily found out that with a decrease of the QD size the acceptor (B-doping) and donor (P-doping) levels become even deeper.
The electronic densities of states (DOSs) for the investigated Si QDs have also been calculated to get a better understanding of the effect of impurity doping on the electronic properties of Si QDs. The DOSs shown in Figure 6 for the B-and P-doped Si QDs are compared with the ones of corresponding undoped Si QDs. As can be seen, the peaks in the DOSs for either B-or P-doped Si QDs show a similar structure with that of the undoped cases out of the energy range of the HOMO-LUMO gap. However, some impurity-related peaks appear just above the HOMO of the undoped QD for B-doped cases, while for P-doped cases the peaks located just below the LUMO of the undoped QD. In addition, it can be seen from Figure 6 that for Si 35 H 36based QDs, as the impurity moves from the QD subsurface toward the center, the impurity-related peaks move toward the midgap region (LUMO) for B-doping (P-doping). While for Si 87 H 76 -based QDs, as the impurity moves from the QD subsurface toward the center, the impurity-related peaks move toward the HOMO (midgap region) for B-doping (Pdoping). Moreover, it is obvious that with a decrease of the QD size the impurity-related peaks are closer to the midgap region. All these characteristics show a good agreement with the ones of energy levels discussed before.
Conclusion
The structural and electronic properties of B-and P-doped Si QDs are investigated by means of first-principle calculations. All the possible locations for a single substitution impurity inside Si QDs are considered. According to the structural analysis, it is found out that for P-doped case the structural distortion is less significant than that for B-doped case. The distortion is strongly dependent on the QD size for P-doped case; the larger the size, the less the distortion. While for Journal of Nanomaterials B-doped case the distortion is nearly independent of the size. The relaxation around the impurity is also related to the impurity position, and the impact of impurity position becomes more significant with a decrease of the QD size. The most stable configuration is explored in all these single doped configurations by the energy calculations. The results show that for either B-or P-doping, the impurity atom tends to substitute Si atom near the surface. Besides, we find out that with a decrease of the QD size the insertion of a substitution impurity becomes more difficult, and this size effect is much more evident for B-doping than P-doping. In addition, our calculations of the band structure and DOS associated with the considered Si QDs show that the presence of P atom (or B atom) introduces donor (or acceptor) states within the energy gap, and spin split occurs for some doped QD configurations. Moreover, the influence of impurity position on the impurity levels has been discussed. It is indicated that the impurity position has opposite effects on the impurity levels for B-doping and for P-doping. Furthermore, it is demonstrated that either B-or P-doping introduces deep energy levels in the energy gap of Si QDs, and with a decrease of the QD size the acceptor (B-doping) and donor (P-doping) levels become even deeper. These insights gained in our study show the possibility of an impurity-based engineering of the Si QD electronic properties, which are of great help to the realization of related Si QD-based potential applications.
